pine SRS, also known as stereotactic body radiotherapy, is increasingly being applied to treat primary and metastatic spinal tumors.
tions, 24 to 30 Gy in 2-3 fractions, and 16 to 24 Gy in a single fraction), 8, 12, 14 we are learning that although we can achieve high rates of local tumor control, the costs include bone and spinal cord toxicity. 1, 2, 11, 15, 16, 18 Our group at the University of Toronto recently reported rates of post-SRS VCF. 2 We reported an actuarial VCF rate of 12.7% at 1 year post-SRS with a mean time to VCF of 3 months. It was observed that patients treated at the highest biologically effective dose level of [20] [21] [22] [23] [24] Gy in 1 fraction were the most susceptible to VCF. The mechanism of action was postulated as due to radiationinduced late effects within the tumor and bone tissue that ultimately weaken the VB to manifest clinically as VCF. In this report, we provide evidence to support this proposed mechanism of action by describing 2 cases of VCF post-SRS with histopathological findings confirming a diagnosis of radiation-induced necrosis in the first case and radiation-induced fibrosis in the second, as opposed to active tumor progression. Importantly, these 2 cases highlight the pitfalls of MRI in determining post-SRS tumor progression; without tissue confirmation these 2 cases would have been considered as local failures, placing the patient at risk for unnecessary surgical salvage procedures, repeat radiation, or changes in systemic therapy.
Case Reports

Case 1
This 51-year-old woman was diagnosed 4 years earlier with Stage IIIA adenocarcinoma of the lung and was treated with neoadjuvant concurrent chemotherapy and ra diotherapy followed by surgery and adjuvant postoperative chemotherapy and radiation therapy. Two years later she presented with isolated nonmechanical low-back pain without neurological findings. Computed tomography scan ning of the spine indicated an isolated mixed osteolytic/blastic bone lesion occupying the L-2 VB, presence of a mild VCF, and 1-2 mm of posterior bony retropulsion. The subsequent spine non-contrast enhanced MR image confirmed the L-2 VB metastases as the only site of spinal disease and demonstrated disease extending into the base of the left pedicle with 1-2 mm of anterior epidural disease extension ( Fig. 1A and B) . Her baseline total SINS 4 was 7, which categorized her spine as potentially unstable (Table  1) . The patient was treated with spine SRS with a dose of 20 Gy in a single fraction (Fig. 1C and D) . After spine SRS she was pain free, and she was subsequently treated with gefitinib. Follow-up non-contrast enhanced MRI indicated mild progression of the VCF at 6 months, which was asymptomatic, and a minor increase in T1 intermediate signal change with further dark signal foci (Fig. 1E) . However, 2 years after spine SRS she complained of mild low-back pain again, without neurological findings. Computed tomography scanning of the spine showed significant progression of the VCF, and non-contrast enhanced MRI indicated a marked increased in the T1 intermediate signal change with diffuse darkening of the signal within the posterior half of the VB and minor posterior bony retropulsion (Fig. 1F) . The T2-weighted MR images did not show any significant changes in signal intensity (images not shown). Clinically her disease was otherwise controlled with no new metastatic disease. Biopsy and simultaneous Kyphon Balloon Kyphoplasty (Medtronic) was performed. Histopathological analysis ( Fig. 2A and B) showed abundant avital bone and necrotic debris with numerous minute fragments of metastatic adenocarcinoma interspersed between fragments of bone and necrotic tissue. Immunohistochemical studies (not shown) revealed that tumor cells were positive for CK7 and TTF1 but negative for CK20, which is consistent with pulmonary primary adenocarcinoma. Based on these findings, the patient was observed and continues to have stable disease 4 months postbiopsy with no evidence of disease progression.
Case 2
This 53-year-old man was diagnosed with metastatic neuroendocrine cancer with disease isolated to multiple segments of the spine. Initial treatment consisted of chemotherapy with 6 cycles of cisplatin and etoposide. Ten months after chemotherapy, he presented with nonmechanical low-back pain without neurological findings. Non-contrast enhanced T1-weighted MRI, T2-weighted MRI, and CT scanning of the spine confirmed disease progression within the L-3 and L-4 VBs. The baseline non -contrast enhanced MR images showed geographic foci of signal change on the T1-and T2-weighted images ( Fig. 3A and B) . The lesions were osteoblastic. The patient was treated with spine SRS to both vertebrae with a total dose of 24 Gy in 2 fractions (Fig. 3C ). His baseline total SINS was 3 for each vertebra treated, which categorized his spine as stable (Table 1) . At 1-year post-SRS, the noncontrast enhanced MR image indicated stable disease with no change in either T1 or T2 signal ( Fig. 3D and E) , and the patient underwent further chemotherapy. However, 3 years following spine SRS the patient complained of recurrent nonmechanical low-back pain. The non-contrast enhanced MR images indicated VCF isolated to L-3 but not L-4 ( Fig. 3F and G). The intermediate T1 signal was diffusely increased throughout the VB within L-3, and T2 dark signal foci were also observed. No change was observed in the L-4 (treated) VB. With stable disease otherwise, we elected to perform a biopsy and Kyphon Balloon Kyphoplasty on the L-3 vertebra. Histopathological analysis showed markedly thinned bone trabeculae, and the bone marrow was completely replaced by either dense fibrous tissue with focal lymphocytic inflammation or loose paucicellular fibrous tissue ( Fig. 2C and D) . There was no evidence of residual carcinoma or necrosis. We have since observed the patient with no evidence of disease recurrence, now 6 months postbiopsy.
Discussion
This report is the first describing histopathological features of VCF after SRS by examining biopsy specimens in 2 cases that were otherwise considered radiographically as local tumor progression. We describe biopsy-confirmed radiation-induced necrosis and fibrosis, yielding imaging changes similar to tumor progression, and we propose its role in the pathogenesis of SRS-induced VCF. The ability to rely on imaging alone to determine the response after spine SRS is going to be an increasing problem that will need further study and consensus, given that high-dose spine SRS has recently been associated with a significantly high rate of VCF. 1, 2, 11 The Memorial Sloan-Kettering Cancer Center was the first to report on this complication with 39% of 71 treated vertebrae fracturing. 11 Importantly, in that report the authors exclusively used high-dose singlefraction SRS (median total dose 24 Gy). The MD Anderson Cancer Center then reported fracture in 20% of their 123 vertebrae, and their SRS dosing practice varied from single to multiple fractions. 1 The most recent analysis of post-SRS VCF was reported by our group, where 11% of 167 treated vertebrae fractured, yielding a 1-year actuarial fracture-free probability of 87.3%. Similar to the MD Anderson Cancer Center experience, tumors were treated with various SRS dosing schemes (single and multiple fractions) as opposed to only single-fraction SRS. In that analysis, we also scored each treated vertebral segment according to SINS criteria 2, 4, 6 (Table 1) , and we analyzed these and additional dosimetric parameters to determine predictors of VCF. We observed that patients with lytic tumors, kyphosis/scoliosis, metastases from lung and hepatocellular primary tumors, and treatment with high-dose SRS with a dose per fraction of 20 Gy or more were at greatest risk for VCF. It was postulated that late radiation effects in the form of bone and tumor necrosis were likely a causative factor in destabilizing the vertebrae that resulted in the observed VCF. This is not implausible given that we have learned from the extensive experience with brain SRS that the risk of tissue necrosis increases with high doseper-fraction radiation, and at similar doses to those currently being applied to the spine. 20 In this report, we have provided histopathological evidence to support our initial hypothesized mechanism of action.
In our first case we observed the presence of radiation-induced necrosis with scattered small clusters of adenocarcinoma consistent with the patient's original lung cancer (Figs. 1, 2A, and 2B) . With this diagnosis, we decided to observe the patient as further radiation therapy could be catastrophic to the bone tissue, leading to frank instability requiring a major surgical intervention, and we could put the patient at increased risk of radiation-induced neural damage by exposing the critical neural tissues to more radiation. 16 At this time, the patient has not suffered MRI-confirmed disease progression 4 months postbiopsy, and she remains stable on a regimen of her original systemic therapy. We postulate in this case that radiation-induced osteoradionecrosis was the causative factor for VCF and not tumor progression. In the second case (Figs. 2C, 2D, and 3) , we observed the presence of marked thinning of the bone trabeculae, focal inflammation, and fibrosis in the L-3 biopsy specimen. In this case, the radiation effects on the bone tissue and the inflammatory reaction were causative for VCF and not tumor progression. Although we observed no overt necrotic tissue, clearly the bone had undergone radiationinduced degeneration (Fig. 2C and D) . Importantly, it has been postulated that radiation-induced fibrosis is linked to the development and progression to radiation-induced osteoradionecrosis. 23 Therefore, the histopathological finding of radiation-induced fibrosis supports the idea of radiation-induced late effects on the bone as a factor in the pathogenesis of VCF post-SRS. Osteoradionecrosis is a rare but well-known late effect of high-dose radiation and has been reported predominantly in the mandible following high-dose conventional radiation therapy in the head and neck literature. 9 Osteoradionecrosis has been defined as a slow-healing radiation-induced ischemic necrosis of the bone tissue. 23 The mechanism of osteoradionecrosis is thought to relate to radiation therapy by the production of a hypoxic, hypocellular, and hypovascular environment in which the basic metabolic demands for cellular survival cannot be met. 23 The onset of osteoradionecrosis has been described to range from 6 months to 3 years posttreatment, and even up to 25 years after radiation therapy. 10 With respect to the spine, there have been few specific reports of osteoradionecrosis, 3, 10, 19, 21 and ours is the first report specific to spine SRS. Ultimately, the histopathological analysis of these 2 cases supports our previously postulated mechanism of action that high-dose radiation is a factor in develop- ing VCF post-SRS, as opposed to strictly anatomical or tumor-related structural factors. The findings from these 2 cases also support the role of biopsy when it is unclear by imaging alone that disease progression has occurred.
The issue of how to determine disease progression post-SRS is a major problem that needs clarification. There are no guidelines or consensus criteria on this issue. The description of the follow-up MR images in these 2 cases, as illustrated in Figs. 1 and 3 , highlights the challenges of using conventional MRI as a means of response monitoring. In both cases, the radiologist reported disease progression based on the increased T1 signal change, visualized as darkening of the normal marrow signal within the VB, which is the preferred MRI sequence to visualize tumor within bone. If biopsy had not been performed in these 2 patients, they may have undergone unnecessary further radiation therapy, major spine surgery, or initiated/changed systemic chemotherapy, as opposed to a minimally invasive stabilization procedure (Kyphon Balloon Kyphoplasty in these cases) and observation. As yet, there are no clear guidelines as to the use of biological imaging such as PET scanning or other MRI sequences that can improve the ability to determine true disease progression from radiation-induced imaging effects. 22 This has been a long-standing problem in the brain with years of research that has yet to solve this problem. 22 Of note, in the brain the addition of Gd contrast is also not useful since necrotic tissue enhances in a similar way to tumor; however, the normal brain tissue does not enhance. This is unlike the spine where the normal marrow also enhances with contrast, which renders contrast-enhanced MRI unnecessary and explains why metastatic spine imaging is performed without contrast. Ultimately, the lesson is to perform a biopsy when it is questionable whether the disease has truly progressed. For example, if signal change is isolated to within the treated anatomy with no new epidural or paraspinal disease extension, then in these situations biopsy is recommended to rule out radiation-induced change. Last, we note an interesting aspect in Case 2 (Fig. 3) . In this patient the L-4 VB was treated concurrently with the L-3 VB as a single target and prescribed dose. The tumors within both the L-3 and L-4 VBs were well circumscribed and sclerotic; however, the tumor volume was smaller within the L-4 body (Fig. 3) . No VCF was observed in the L-4 VB, unlike the VCF observed in L-3. Therefore, we postulate that both tumor effects and healthy bone effects from the high-dose radiation are likely interrelated in the mechanism of radiation-induced VCF, and further study is required to understand this relationship.
This study is limited by the fact that we only analyzed tissue within a biopsy specimen and that only 2 cases were analyzed. More cases are required to draw firm conclusions. However, this first report provides insight into the pathophysiology of radiation-induced VCF post-SRS and expands on the challenges to response monitoring specific to spine SRS with conventional MRI. Our future study includes a comprehensive analysis of each VCF case from our original series.
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Conclusions
We recommend biopsy when it is unclear based on imaging alone if true progression has occurred, as marrow signal change within SRS-treated bone by itself may not be an objective finding and may be a consequence of radiation-induced necrosis and fibrosis. 
